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We report on the local electronic structure of interstitial muon (Mu) as pseudo-hydrogen
in In-Ga-Zn oxide (IGZO) semiconductor studied by muon spin rotation/relaxation (µSR)
experiment. In polycrystalline (c-) IGZO, it is inferred that Mu is in a diamagnetic state,
where the µSR time spectra under zero external field is perfectly described by the Gaus-
sian Kubo-Toyabe relaxation function with the linewidth ∆ serving as a sensitive measure
for the random local fields from In/Ga nuclear magnetic moments. The magnitude of ∆
combined with the density functional theory calculations for H (to mimic Mu) suggests
that Mu occupies Zn-O bond-center site (MuBC) similar to the case in crystalline ZnO.
This implies that the diamagnetic state in c-IGZO corresponds to Mu+BC, thus serving as
an electron donor. In amorphous (a-) IGZO, the local Mu structure in as-deposited films
is nearly identical with that in c-IGZO, suggesting Mu+BC for the electronic state. In con-
trast, the diamagnetic signal in heavily hydrogenated a-IGZO films exhibits the Lorentzian
Kubo-Toyabe relaxation, implying that Mu accompaniesmore inhomogeneous distribution
of the neighboring nuclear spins that may involve Mu−H−-complex state in an oxygen va-
cancy.
Amorphous oxide semiconductors including InGaZn oxide (IGZO) are rapidly gaining success
as channel materials in transparent thin-film transistors (TFTs), used as the main large-area semi-
conductor in display applications such as liquid-crystal displays and organic light-emitting diode
displays.1,2 These compounds exhibit relatively high electron mobility due to the s-like character of
the conduction band edge states which are insensitive to disorder.1–3 However, the operating con-
dition for TFT that they are always illuminated by the backlight often leads to a severe problem
for a-IGZO known as negative bias illumination stress (NBIS),4–9 whose microscopic mechanism
is still under debate. The photoexcitation of electrons from in-gap defect levels lying right above
the valence-band top to the conduction band results in a persistent photoconductivity, causing the
shift of operating bias voltage in the TFTs. Evidence for the corresponding in-gap states has been
reported by studies using hard x-ray photoemission spectroscopy.10,11
In a-IGZO, hydrogen (H) has been known as an important agent for improving various electronic
properties. For example, the carrier mobility and the S-value (sharpness of the TFT switching as a
function of Gate-Source voltage) are improved under water vapor annealing, where H is presumed
to play a central role.12 Recent infrared transmission spectroscopy has characterized the deep state
at the vicinity of the valence band maximum, where the absorption mode frequencies are consistent
with those estimated for a model structure of oxygen vacancy filled by two hydride ions (2H− at
VO) coupled to the surrounding cations.
13,14 In addition, H treatment of IGZO is known to cause an
n-type conductivity. Thus, understanding the microscopic mechanisms of these processes would be
of crucial importance in controlling the electronic properties of IGZO.
It is well established that a positive muon (µ+) implanted into matter can be regarded as a light
radioisotope of proton in the sense that the local structure of a muon-electron system is virtually
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2equivalent with that of H, except for a small correction (≃ 0.4%) due to the difference in the reduced
electronmass. While the light mass of muon (≃mp/9, with mp being the protonmass) often leads to
the isotope effect which is particularly distinctive in diffusion at low temperatures where quantum
tunneling process becomes dominant, muon also simulates proton/H diffusion via classical over-
barrier jump at ambient temperature. Thus, muon in matter can be regarded as a pseudo-hydrogen.
We proposed the designation “muogen" (Mu) as the appropriate elemental name,15 because the term
“muonium" exclusively refers to the neutral bound state of µ+ and e− (Mu0) analogous to H0. It
would be also worth stressed that the information derived from implanted Mu corresponds to that
for H in its dilute limit, considering the small number of implanted muons (< 105 cm−3s−1) and
their short lifetime (≃ 2.2 µs) for the beta-decay into positrons and neutrinos (i.e., no accumulation
of Mu upon muon irradiation).
In this Letter, we discuss the local electronic structure of H in IGZO simulated by Mu. The Mu
site is determined for the polycrystalline specimen (c-IGZO) by themagnitude of random local fields
from nuclear magnetic moments [described by the second moment of internal field distribution, ∆2
(or its rms value ∆)], where the density functional theory (DFT) calculation is used to narrow down
the candidate sites. Subsequently, the local environment of Mu in amorphous sample (a-IGZO) is
estimated on the basis of result obtained in c-IGZO. The possibility of Mu−H−-VO complex defects
in heavily hydrogenated a-IGZO is also discussed.
Polycrystalline specimen of IGZOwas prepared by solid state reaction of In2O3, Ga2O3 and ZnO
powders at 1450 ◦C in a Al2O3 crucible under atmospheric condition. The obtained specimen in a
sintered pellet, which was originally used as the target for growing IGZO thin films by pulsed laser
deposition, had ≈85% of the density for the ideal crystal (which was considerably smaller than
that of commercially available sputter target ∼98%), probably due to the relatively low sintering
temperature. The pellet was then sliced into slabs with thickness of ∼0.5 mm, and subjected to O2
annealing at 1000 ◦C. The oxidization was monitored by the color of the pellet that turned from
gray to white after annealing.
Amorphous IGZO films were prepared by RF magnetron sputtering onto oxidized Si substrate
without intentional substrate heating. Deposition condition was optimized for making reasonable
IGZO-TFT, where the film had a carrier concentration of ∼1014 cm−3. A part of the as-deposited
films was then subjected to H-plasma treatment with the condition reported elsewhere,16 leading to
the increase of electron concentration to ∼1019 cm−3. The thickness of the film was determined to
be 200±10 nm by the X-ray reflectivity measurement. Hereafter, we refer to the as-deposited and
H-treated samples as a-IGZO and a-IGZO:H, respectively.
The local electronic structure of Mu can be assessed by the muon spin rotation/relaxation (µSR)
technique, where the magnitude and distribution of the local magnetic field (Bloc) at the Mu site is
monitored by the time evolution of muon spin polarization Pµ(t). In the paramagnetic state (Mu
0)
where an unpaired electron is bound to muon, Bloc is predominantly determined by the muon-
electron hyperfine field (Aµ ). The corresponding µSR time spectrum under a transverse field (TF, B
perpendicular to the initial muon polarization) exhibits a multiplet structure [Pµ(t) = ∑
3
i=1 ai cosωit,
where the amplitude ai and frequency ωi are determined by Aµ and B].
17 It is also important to note
that these multiplet signals are subject to strong broadening when the unpaired electron is coupled
with surrounding nuclear spins (called nuclear-hyperfine interaction).18
In the case of the diamagnetic state (Mu+ or Mu−, Aµ = 0), Bloc is determined by the random
local fields exerted from nearby nuclear magnetic moments. While each Mu exhibits the Larmor
precession [Pµ(t) = cosωµt] with a frequency ωµ = γµ Bloc (γµ = 2pi × 135.53 MHz/T being the
muon gyromagnetic ratio), Pµ(t) as an ensemble of these precession signals is given by an inverse
Fourier transform of the probability function P(ωµ). In particular, when a number of the nearest
neighboring (nn) nuclei are present at nearly equal distance from Mu, the Gaussian distribution is a
good approximation for P(ωµ), and the corresponding Pµ(t) under a zero external field (B = 0) in
polycrystalline specimen is given by the Gaussian Kubo-Toyabe relaxation function19
Pµ(t) =
1
3
+
2
3
[1− (∆t)2] · exp
[
−
1
2
(∆t)2
]
= GKT(t), (1)
where ∆ corresponds to the second moment of P(ωµ). More specifically, ∆ is evaluated as a sum of
contributions from the n-th kind of nuclear magnetic moments (n = 1,2,3,4, and 5 for 67Zn, 69Ga,
371Ga, 113In, and 115In),
∆2 ≃ γ2µ ∑
n
fn ∑
j
∑
α=x,y
∑
β=x,y,z
γ2n (Aˆn jIn)
2 (2)
Aˆn j = A
αβ
n j = (3α jβ j− δαβ r
2
n j)/r
5
n j (α,β = x,y,z)
with rn j = (x j,y j,z j) being the position vector of the j-th nucleus from Mu, µn = γnIn the nuclear
magnetic moment with fn being their natural abundance. Because all the nuclei in IGZO have spin
In ≥ 1, µn is subject to electric quadrupolar interaction with the electric field gradient generated by
the point charge of the diamagnetic Mu. This leads to the reduction of effective µn to the value
parallel with rn j (by a factor
√
2/3 in the classical limit).19 In any case, the typical magnitude of
∆−1 falls in the time range of µSR (10−5–10−6 s), over which the nuclear moments are quasistatic
with random orientation. Since fn and µn are known for the host compounds, one can estimate the
Mu location from the magnitude of ∆ which strongly depends on rn j.
While the nuclear dipolar fields are quasistatic, the diffusive motion of Mu induces dynamical
modulation of GKT(t). In particular, the 1/3 component in Eq. (1) is sensitive to slow Mu diffusion,
as it disappears when the Mu hopping rate ν becomes comparable with ∆. The lineshape of GKT(t)
becomes exponential for the fast Mu diffusion (ν ≫ ∆), which is approximately given by GKT(t)≃
exp(−∆2t/ν). Since the spin relaxation induced by the dynamicalmodulation is virtually unaffected
by a longitudinal field (LF, B parallel with initial muon polarization) in contrast to the quasistatic
limit where GKT(t) ≃ 1 for B ≫ ∆/γµ , the presence of such a dynamical effect is experimentally
examined by the response of Pµ(t) against LF.
19
With these characteristic features of µSR in mind, conventional µSR measurements on c-IGZO
specimen were performed using the ARTEMIS spectrometer20 installed in the S1 area of Material
and Life Science Experimental Facility, J-PARC where a nearly 100% spin-polarized pulsed beam
of high-flux “surface muon" (repetition rate of 25 Hz, pulse width ∼100 ns, with a beam energy
Eµ ≃ 4 MeV) was available. The time evolution of Pµ(t) was monitored by the decay-positron
asymmetry [A(t)] measured by two sets of scintillation telescopes placed forward/backward posi-
tion against sample position, where Pµ(t) = A(t)/A0 with typical instrumental asymmetry A0 ≃ 0.2.
We employed a “fly-past" chamber set-up for minimizing background positrons from muons which
missed the sample. Meanwhile, µSR measurements on a-IGZO and a-IGZO:H films were con-
ducted using Low Energy Muon beam (Eµ ≤ 30 keV) provided at Paul Scherrer Institute, Switzer-
land. The muon stopping profiles in those films (5.97 g/cm3) were optimized by a Monte Carlo
simulation using TRIM.SP (see Fig. 1d).21 The details of calculating ∆ using Eq. (2) for the candi-
date Mu sites are found elsewhere.22
Typical µSR time spectra observed at various temperatures in c-IGZO specimen are shown in
Fig. 1a, where the lineshape clearly exhibits a Gaussian damping that is accompanied by the recov-
ery of polarization at later times (t & 10 µs). These spectra are perfectly reproduced by Eq. (1),
indicating that i) Mu is entirely in the diamagnetic state, and that ii) the relaxation is induced by the
random local fields exerted from nuclear magnetic moments. The quasistatic character of the local
field is further corroborated by the response of spectra to LF, where the relaxation is completely
suppressed by applying a small field that exceeds ∆/γµ ≃ 0.2 mT (see the µSR spectrum with LF =
2 mT at 6 K).19 The magnitude of ∆ deduced by curve-fit using Eq. (1) is shown in Fig. 1c.
At this stage, it would be interesting to compare these results with that for the a-IGZO films shown
in Fig. 1b. Despite the relatively narrow time range of observation (∼11 µs, limited by background
noise), the Gaussian damping consistent with Eq. (1) is observed with the relaxation rate similar to
that for c-IGZO. This suggests that the local environment of Mu in a-IGZO is nearly identical with
that in c-IGZO, as long as the configuration of the nn atoms (nuclei) around Mu is concerned. The
solid curves in Fig. 1b show the result of curve-fit using Eq. (1) [where the small reduction of Pµ(t)
near t = 0 due to the muon backscattering was considered by additional component in the curve-fit
with fast exponential damping], yielding ∆ at various temperatures as shown in Fig. 1c. While ∆
shows nearly perfect agreement with that in c-IGZO (∆ ≃ 0.16 µs−1) below ∼30 K, it exhibits a
less pronounced reduction at higher temperatures.
It is important to note that the µSR lineshape remains to be perfectly reproduced by Eq. (1) re-
gardless of the variation in ∆. In particular, the recovery of Pµ(t) for t ≥ 10 µs in c-IGZO clearly
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FIG. 1. (Color online) µSR spectra observed in (a) c-IGZO and in (b) as-deposited a-IGZO specimens at
various temperatures under zero (ZF-) or a longitudinal field (LF), where solid curves represent least-square fit
by the Gaussian Kubo-Toyabe function. (c) Temperature dependence of the Gaussian linewidth ∆ in c-IGZO
and as-deposited a-IGZO. (d) Muon depth profiles in a-IGZO film (∼200 nm thick, grown on SiO2 substrate)
for various incident kinetic energy Eµ simulated by TRIM.SP (see text), where the present data were obtained
with Eµ = 11 keV.
demonstrates absence of Mu diffusion up to 300 K (i.e., Mu hopping rate is much smaller than
∆ ∼ 105 s−1). Thus, the temperature dependence of ∆ cannot be attributed to the long-range Mu
diffusion. This leads to a scenario of multiple Mu sites, where the lowest energy site is separated
from other metastable sites by potential barriers. It is further presumed that, while the initial occu-
pation of these sites upon muon implantation is determined by the respective densities, their actual
population at a given temperature is modulated by the principle of detailed balance.
In order to narrow down the candidate Mu sites where ∆ calculated by Eq. (2) is consistent with
the values in Fig. 1c, we performed the DFT calculation for H (to mimic Mu) using VASP code
package.24 We presumed that the local electronic structures as well as energetics for H would be
nearly identical with those for Mu because of the small difference in the effective electron mass
(∼0.4%) and zero-point energy (∼0.1-0.2 eV). A supercell of 2×1×1 c-IGZO lattice units was
prepared to host one H atom, and the electron energy was minimized in terms of the H position.
Structural relaxation was also incorporated for a few arbitrary starting H positions. The formation
energy E f for the converged structure was calculated by comparing the total electron energy of the
relaxed final state with that for the pristine c-IGZO lattice plus atomic H. The obtained electron
density for the final state was in the order of n ∼1020cm−3, yielding the corresponding Fermi level
EF within the conduction band situated approximately 0.5 eV above the conduction band minimum.
The calculated E f and ∆ are shown in Fig. 2 for the various H sites. It must be noted that the
occupation of Ga and Zn atoms is random in their crystallographic sites, allowing a variety of Ga/Zn
configurations for the nn sites around the H atom. It is inferred that E f tends to be reduced by the
increase of Zn occupancy for the nn sites against Ga, showing a minimum at the Zn-O bond-centered
5position (BC‖). A similar result is obtained for H in the oxygen vacancy (VO, see Fig. 2c) Moreover,
Ga ions are found to be expelled from the H position in the process of structural relaxation. It is
also inferred that E f is even higher for H placed near In ions in comparison to other cases. These
results suggest that H prefers the ZnO/GaO layers to InO2 layers, and that the H sites near Zn are
more stable in the mixed Zn/Ga coordinations.
The reasonable agreement between the experimentally deduced ∆ in c-IGZO at ambient tempera-
ture [≃ 0.110(1) µs−1] and those for the interstitial sites in the Ga/ZnO2 layers (≃ 0.122 and 0.130
µs−1 for Ga1Zn3 and Ga2Zn2 sites, respectively) indicates that Mu/H occupies the Zn-rich sites.
This also suggests that, apart from the difference in the relative orientation of ZnO4 tetrahedra be-
tween IGZO and ZnO, the local electronic structure of Mu/H is similar to that in ZnO where Mu is
presumed to occupy BC‖ sites.
25–27 Considering that the electronic structure of Mu in ZnO (corre-
sponding to that in the dilute limit of the interstitial H) is that of a typical shallow-donor state with
small Aµ (∼ 10
−4 of the vacuum value), it is speculated that the electronic level associated with the
MuBC state in c-IGZO is slightly shifted upward from that in ZnO to resonate with the conduction
band, yielding Mu+BC as the most stable electronic state. This is also consistent with the observation
that H-plasma treatment of a-IGZO leads to strong n-type doping at lower H doses, suggesting HBC
for the corresponding H center.
Since the contribution of Zn nuclei to ∆ is negligible (as the natural abundance of 67Zn is as
small as 4.1%), Eq. (2) indicates that ∆2 is nearly proportional to the number of nn Ga ions. Thus,
∆ should exhibit a positive correlation with E f , which is readily observed in Fig. 2a. The gradual
decrease of ∆ with increasing temperature observed in c/a-IGZO (see Fig. 1c) is understood as the
re-distribution of Mu site occupancy from one determined statistically to the other which is closer to
the thermal equilibrium. The tendency of larger ∆ in a-IGZO than that in c-IGZO may be attributed
to the lower Mu mobility due to random potentials in the amorphous structure. Thus, we conclude
that local electronic structure of Mu is essentially identical between c-IGZO and a-IGZO except
minor difference in the nn Ga/Zn configuration.
In contrast, the µSR spectra in a-IGZO:H films exhibit qualitatively different behavior from those
in a-IGZO films. As shown in Fig. 3a, a part of the initial muon polarization [Pµ(0)] is missing at
lower temperatures, and the remaining Pµ(t) exhibits a slow exponential relaxation corresponding to
the earlier part (t ≤ ∆) of the Lorentzian Kubo-Toyabe function [where (∆t)2 in Eq.(1) is replaced
by ∆t].28 The response of the latter component to a TF (B = 2.5 mT, see Fig. 3b) showing spin
precession with a frequency γµB = 0.339 MHz indicates that the component is entirely attributed to
a diamagnetic state (Mud). Furthermore, the absence of fast dynamical modulation is confirmed by
the spectra observed under LF in which the relaxation is suppressed by B ≃ 2 mT. These features
strongly suggest that, while the relaxation of Mud is induced by the quasistatic local fields from
nuclear magnetic moments, they are characterized by the inhomogeneous distribution of rn j as well
as n. This is qualitatively in line with the presumption that the local structure around Mud involves
another H atom, which also recalls a model of 2H− in VO proposed as a candidate of the deep center
in a-IGZO.13,14 A curve fit of the spectra in Fig. 3b by the Lorentzian Kubo-Toyabe function yields
∆ = 0.148(17) µs−1, which is considerably greater than 0.088 µs−1 expected for the isolated Mu
in the VO site (i.e., Zn
4O6 site in Fig. 2a). While the nearby H is expected to induce sinusoidal
components specific to the two-spin system with a characteristic angular frequencyωd = 2γµγp/r
3
µp
for Pµ(t) (where γp is the gyromagnetic ratio of proton, and rµp is the distance between Mu and
H),29 the strong dependence of ωd to rµp would lead to the smearing of these components to the
Lorentzian-like lineshape due to the variation of rµp in the amorphous IGZO matrix. It is tempting
to speculate that Mu in a-IGZO:H tends to find unpaired H around VO, forming Mu
−-H− complex.
Meanwhile, the response of Pµ(0) to LF at higher fields (B > 2 mT, see Fig. 3c) indicates that
the missing polarization corresponds to a quasistatic paramagnetic state (Mup). The complete loss
of the initial Mup polarization is readily understood by considering the nuclear-hyperfine (NHF)
interaction with Ga nuclei that leads to fast relaxation of the spin-triplet state.18,30 As seen in Fig. 3c,
the recovery of Pµ(0) with increasing B is in single-step over a narrow field range of .10 mT,
implying that the magnitude of Aµ is less than that of the NHF interaction. In addition, the recovery
of Pµ(0) to ∼1 at 300 K suggests that Mup is ionized with a small activation energy (∼ 10 meV).
Such characteristics lead to the speculation that Mup is a shallow-level state whose neutral state is
stable only at low temperatures.
6In summary, the majority of implanted Mu in a-IGZO:H forms a diamagnetic state that may
correspond to Mu−-H− complex at VO, while a small probability of falling into a shallow-donor
state remains, depending on the distance between Mu and H.
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FIG. 2. (Color online) (a) Summary of E f vs. ∆ calculated for the Mu candidate sites, where the label A
lBmCn
indicates the element name and number of atoms located within 0.3 nm from Mu sites. The hatched band areas
indicate the range of ∆ for c-IGZO and a-IGZO shown in Fig. 1c. Some examples of local atomic configurations
are shown for the (b) Zn4O4 site (Zn-H distance = 0.221 nm, O-H distance = 0.098 nm) and (c) Ga3Zn1O6
site (Ga-H = 0.208 nm, O-H = 0.100 nm).
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FIG. 3. (Color online) (a), (b) µSR spectra measured under various conditions in H-treated a-IGZO. (c)
Magnetic-field dependence of the initial muon polarization, where the horizontal axis is in a logalithmic scale.
